Distinctive international clones of penicillin-nonsusceptible and multidrug-resistant Streptococcus pneumoniae are increasingly being reported. We investigated the spread of these clones in Canada through an active surveillance that was carried out at 11 Canadian pediatric tertiary care centers from 1991 to 1998. All penicillin-nonsusceptible isolates were serotyped, tested for antibiotic susceptibility, and genotyped by pulsedfield gel electrophoresis (PFGE) and random amplified polymorphic DNA (RAPD). Forty-five penicillinnonsusceptible S. pneumoniae isolates were evaluated. Eleven serotype 9V isolates and six serotype 14 isolates displayed identical RAPD and PFGE fingerprint profiles. Twelve (70%) of these isolates were encountered in Quebec. The 9V/14 clone and the Spanish-French clone had similar PFGE fingerprint patterns. Eight isolates of serotype 23F and two isolates of serogroup 14 had the same fingerprint profiles and displayed resistance to three or more antibiotic drug classes. This clone was first detected in Calgary (Alberta) and in 1996 appeared simultaneously in various regions of Canada. This clone showed a PFGE fingerprint pattern similar to that of the Spanish-U.S. 23F clone. Our data show the emergence across Canada of two international clones of penicillin-nonsusceptible S. pneumoniae: (i) serotypes 9V and 14 related to the Spanish-French clone and (ii) the 23F Spanish-U.S. clone. The source of the first clone was in Quebec and the second international clone was probably originated from the United States. The exact reasons for the successful spread of these clones within Canada and their contribution to increased resistance to antibiotics have yet to be explored.
Streptococcus pneumoniae is the most common cause of acute otitis media, bacteremia, community-acquired pneumonia, and bacterial meningitis in children (25) . Resistance to penicillin and other antibiotics has emerged rapidly (3, 14) . Treatment of penicillin-nonsusceptible (PNS) S. pneumoniae (PNSSP) has become a challenge, and reports of treatment failure, especially with invasive multidrug-resistant (MDR) S. pneumoniae (MDRSP) infections, have increased (34) . These treatment failures led to changes in the recommendations for antibiotic regimens for PNS SP infections, such as the addition of vancomycin for meningitis and increased dosages for the treatment of acute otitis media (1, 4, 16, 30) .
The epidemiology of S. pneumoniae in various parts of Canada has been described in several reports in the last decade. Among children attending day care centers in 1995 to 1996, 44% were colonized with S. pneumoniae; 17% of these isolates had reduced susceptibility to penicillin, and 3% were highly resistant to penicillin (PHRSP), with MICs of Ն2 g/ml (13) . Active surveillance at 11 Canadian pediatric tertiary care centers from 1991 to 1998 by IMPACT (Immunization Monitoring Program, Active) of the Canadian Paediatric Society revealed a mean annual case load of invasive S. pneumoniae infections of 270 (range, 231 to 317). PNSSP isolates increased from 2.5% in 1991 to 11.3% in 1998. PHRSP comprised 32% of the PNSSP isolates in 1997 (3% of all isolates) (28) . Among invasive isolates collected from laboratories across Canada between 1992 and 1995, the overall rate of reduced susceptibility was 8%, but a trend upward occurred from 0.6% in 1992 to 5.8% in 1995 (19) . From 1996 to 1997, 10.2% of invasive isolates across Canada were PNSSP, and in Alberta, the rate was 16.4% (18) .
Distinctive S. pneumoniae clones possessing resistance to penicillin and MDRSP are increasingly being reported from various parts of the world. The most common clones are of serotypes 23F, 6B, and 9V/14. Isolates of these clones share identical antibiotic susceptibility patterns; for instance, the 23F international clone displays resistance to penicillin, chloramphenicol, tetracycline, and co-trimoxazole, but regional selective pressure in different parts of the world adds resistance to erythromycin and extended-spectrum cephalosporins (24) .
Phenotypic and genotypic methods have been developed to assist in epidemiological investigations. The same isolates are considered clones when they have the same antibiotic susceptibility pattern and similar profiles produced by molecular methods (24, 38) . The use of molecular typing has helped in identifying the international clonal spread of PNSSP as well as MDR clones to different parts of the world (2, 5, 6, 27, 38) . A common approach is to use two different molecular typing methods for looking at the whole genome and at specific genes such as the penicillin binding protein genes (8, 17, 22, 35) . Since the first reports of penicillin-resistant S. pneumoniae there have been several reports of global distribution of PNSSP and MDRSP, using these methods to detect specific clones (6, 24) .
The aim of this study was to identify clones of PNSSP and MDRSP among pediatric invasive isolates in Canada. In addi-Perkin-Elmer Cetus DNA thermal cycler (model TC-1) as follows: (i) 4 cycles, with 1 cycle consisting of 5 min at 94°C, 5 min at 36°C, and 5 min at 72°C, and (ii) 30 cycles, with 1 cycle consisting of 1 min at 94°C, 1 min at 36°C, and 2 min at 72°C, followed by a final extension step for 10 min at 72°C. RAPD products (9 l) were separated by electrophoresis in 1.5% agarose gels and stained with ethidium bromide (20, 21) . RAPD fingerprints were analyzed on two different occasions. PCR fingerprints were defined as concordant if PCR products yielded similar patterns correlated by Molecular Analyst Fingerprinting (MAF) software (Bio-Rad Laboratories) with the Pearson product-moment correlation coefficient, unweighted pair group method using arithmetic averages.
(ii) PFGE analysis. Genomic DNA was prepared in situ in agarose blocks and was digested with SmaI as described previously (37) . PFGE was carried out with a contour-clamped homogenous electric field apparatus (DR 33; BioRad). The following parameters were used for electrophoresis: running time of 23 h at 5.3 V/cm, initial pulse time of 5 s, and final time of 35 s.
(iii) RAPD or PFGE group. The DNA fragment patterns generated by RAPD and by PFGE were interpreted by MAF software (Bio-Rad Laboratories) and by visualization of the fingerprints, according to criteria suggested by Tenover et al. (37) . All isolates with RAPD and PFGE banding patterns with a similarity index of Ͼ70% by MAF or which appeared similar visually were run again, side by side on the same gel, to confirm the identity and were judged once more by the software and visually.
(iv) Multilocus sequence typing. Isolates FC0542 (serotype 9V), FC0539 (serotype 14) , and FC0752 (serotype 9V) were kindly analyzed by multilocus sequence typing by B. Spratt and T. C. Coffey of the Wellcome Trust Centre for Epidemiology of Infectious Disease, University of Oxford, Oxford, United Kingdom.
RESULTS
Demographic data. During the study period, a total of 1,538 isolates were tested at the National Reference Center. One hundred four isolates with reduced susceptibility to penicillin were identified. Of these, 45 PNSSP invasive isolates, collected between 1991 and 1998 and obtained from the IMPACT study, were available for analysis and constituted our study group. Thirteen (29%) PNSSP strains were isolated between 1991 and 1995, while 32 (71%) were isolated between 1996 and 1998. Thirty-three patients (72%) were under 2 years of age, and the mean patient age was 2.4 years (range, Ͻ1 year to 15 years). Twenty-two isolates (49%) were from Quebec, nine (20%) were from Alberta, and five (11%), four (9%), two (4%), and two (4%) were from Ontario, British Columbia, Nova Scotia, and Manitoba, respectively. The most common diagnoses were bacteremia (15 [33%] ), pneumonia (14 [31%] ), and meningitis (9 [20%] ). Other diagnoses were cellulitis, otitis media, and septic arthritis. Serotyping and antibiotic susceptibility. Six serotypes were represented among these isolates. The most common serotypes were 9V, 14, and 23F, at 11 (24%) each (Table 1) . Twenty-two of the 45 isolates (49%) were PHRSP (MIC, Ͼ2 g/ml). The most common serotypes in the PHRSP group were 9V and 23F (seven isolates [32%] and nine isolates [41%], respectively). Resistance was mainly to the following antibiotics: SXT, 42 isolates (93%); cefuroxime, 32 (71%); and chloramphenicol, 20 (44%). Forty-three isolates (95%) were resistant to at least two drug classes, and 25 isolates (54%) were MDR (resistant to three drug classes or more). All serotype 23F isolates were MDR.
General molecular typing data. Among the 45 isolates and six serotypes, there were 21 distinct RAPD patterns and 20 different PFGE fingerprint patterns. Combination of the RAPD and PFGE groups revealed two major clones.
9V/14 clone. Twenty-two serotype 9V and serogroup 14 isolates were evaluated. All serotype 9V isolates were closely related, and serotype 14 produced four different fingerprint patterns by RAPD and three by PFGE.
Eleven serotype 9V and six serotype 14 isolates yielded closely related fingerprint patterns by PFGE and RAPD, constituting a clone. All 17 isolates of the 9V/14 clone were PNS, with MICs of more than 0.5 g/ml, and SXT resistant but were susceptible to other antibiotic drug classes (Table 2) .
Fourteen isolates of the 9V/14 clone (82%) were recovered between 1996 and 1998. The first isolates were obtained from Montreal in 1992. In total, 12 isolates of the 9V/14 clone (70%) were encountered in Quebec. This clone spread to Ontario in 1994 and continued to spread westward, reaching Alberta in 1996 and British Columbia in 1998.
Comparison of the Canadian serotype 9V/14 clone with two representative isolates of the Spanish-French 9V/14 clone revealed identical fingerprint patterns by PFGE and similar antibiotic susceptibility patterns (Fig. 1) . Furthermore, three representatives of this clone, including the first serotype 9V isolate from Montreal (isolated in 1992), a serogroup 14 isolate from Ontario (isolated) in 1994, and a 9V isolate from Vancouver, British Columbia, (isolated in 1998), were analyzed by the multilocus sequence typing method and found to be identical to the allelic profile 7-11-10-1-6-8-1, sequence type 156, of the Spanish-French clone.
The average age of the patients with this clone was 3.3 years ( Table 2 ). All patients recovered from their invasive infections.
23F clone. Eleven isolates of serotype 23F produced three different fingerprint pattern groups by both molecular typing methods. The largest group contained eight isolates. In addition, two isolates of serogroup 14 had a fingerprint pattern similar to that of the largest 23F subgroup by both molecular typing methods and were defined within this clone (Fig. 2) .
All 10 isolates of this clone were PNS, and all isolates displayed resistance at least to three antibiotic drug classes, with the most common being penicillin, SXT, chloramphenicol, and tetracycline, with variable resistance to erythromycin. All isolates but one were clindamycin susceptible (Table 3) .
This clone was first detected in Calgary in 1995 and then appeared simultaneously in other regions of Canada in 1996. Eight patients (80%) were under 2 years old (Table 3 ). All patients recovered.
Comparison of this clone to the Spanish-U.S. 23F clone showed similar fingerprint patterns by PFGE.
DISCUSSION
The incidence of PNSSP varies from 15 to 38% in different countries. The highest incidences were found in Korea (Ͼ70%), in South Africa (45%), and in Spain (44%) (7, 9, 11, 15, 33, 39) . PNSSP and MDRSP have rapidly increased in frequency in Canada over the last decade (10, 11) . This study documents the spread of major clones of PNSSP and MDRSP in children under 18 years old across Canada from 1991 to 1998. Among 45 invasive PNSSP isolates, approximately half were highly penicillin resistant (MIC, Ͼ2 g/ml), 95% were resistant to two antibacterial drug classes, and 55% were MDR. The most common drug resistance was to SXT, which was present in 93% of the isolates. Six serotypes or serogroups were represented among PNSSP isolates. The most common were 23F, 9V, and 14, which accounted for three-quarters of all isolates. These serotypes or serogroups are well known as the most common causes of invasive S. pneumoniae infections in children and are those most often associated with antibacterial drug resistance (29) . The current S. pneumoniae conjugate vaccine covers all of these isolates (32) .
In addition to the serotyping method, we used two different molecular typing methods in order to subdivide these isolates and define major clones. Two major clones were found. The largest clone included all isolates of serotype 9V and six isolates of serogroup 14. This clone was resistant to penicillin and SXT but was susceptible to all other drug classes. The 9V/14 clone was initially detected in Quebec in 1992, and most subsequent isolates of this clone were encountered in this region. These serotypes were reported also to be the most common serotypes among invasive isolates associated with penicillin resistance in patients mainly younger than 2 years of age from Quebec (11). This clone was previously found in several European and South American countries and was known as the Spanish-French 9V/14 clone (31, 36, 39) . The Canadian 9V/14 clone was found to be identical to the Spanish-French 9V/14 clone. It is possible that the 9V/14 clone was introduced into Canada from France, because of the close relations shared by the two countries (particularly with Quebec), either by tourism or immigration, and from there it spread to the west and over time was found in Alberta and afterward in British Columbia. The second major clone was detected within serotype 23F and serogroup 14. These isolates were MDR and were uniformly resistant to SXT. This clone emerged in different regions of Canada during 2 years: 1995 to 1997. Comparison of this clone to the Spanish-U.S. 23F international MDR clone by PFGE revealed closely related patterns. Our hypothesis is that this clone was introduced into Canada across the border simultaneously on different occasions and spread independently within each region.
The demographic characteristics of the patients in each clonal group are different. With the 23F clone, most patients were under 2 years of age, while with the 9V/14 clone patients were older, with a mean age of 3 years. This age differences can possibly be explained by the fact that serotype 23F is carried mostly in the nasopharynx by young children, from where it can invade the blood (12) . The 9V serotype is carried less often in the nasopharynx, and thus it becomes a more common cause of infection in older children. The 9V/14 clone was detected 3 years before the 23F clone. The 9V/14 clone was encountered mainly in Quebec, while the 23F clone was widespread across the country. Thus, it is possible to speculate that the modes of introduction and spread of these clones in Canada were independent of each other.
The strength of this study lies in the fact that all available cases were captured by IMPACT, minimizing reporting biases. The collection of cases was national in scope, with IMPACT centers accounting for nearly 90% of all tertiary pediatric beds. All isolates were assessed at a national reference laboratory for penicillin susceptibility as well as for serotyping. The limitation of the study is that the isolates were only from invasive infections and from only a subset of children, which limited the ability to detect the presence of these clones from other body sites such as ears or nasopharynx. Thus, these major clones represent invasive clones and may be different from mucosal clones, which are very important in day care center transmissions, where serotypes such as 6B and 23F are more common (40) . In addition only 45 isolates (out of 104, or 43%) were available for molecular typing, but 22 of 26 (85%) of all penicillin-resistant (MIC, Ͼ1 g/ml) S. pneumoniae isolates were analyzed.
It has been shown that there are limited international PNSSP and MDRSP clones, spreading mainly from Spain to different parts of the world. In this study, we were able to identify two major clones of PNSSP with different epidemiological backgrounds spreading in Canada over 8 years. Both international clones were related to the Spanish clones but each of them was probably introduced into Canada in a different fashion. The 9V/14 clone was introduced through a French Quebec connection, while the 23F MDR clone was introduced across the U.S. border. PNSSP isolates increased from 2.5% in 1991 to 11.3% in 1998. In addition, among invasive isolates isolated from patients of various ages, including adults, a trend upward was observed, from 0.6% in 1992 to 5.8% in 1995 and to 10.2% in 1997 (18) . This trend was parallel to the increase of the major clones observed in our study, and the 9V/14 and 23F clones might have contributed to this proclivity.
Knowledge of the clonal distribution of PNSSP and MDRSP within Canada will contribute to understanding the risk factors linked to its occurrence, such as geographic location, and will help initiation of strategies to prevent the spread of these organisms. In addition, it will help decision makers to implement newly developed vaccines strategies aimed at preventing S. pneumoniae infections in the future. A limited number of PNSSP and MDRSP international clones are known to have spread to many countries. Recently, nomenclature for these major international clones was published (23) . These data will help in development of a world database of PNSSP and MDRSP. In addition, this database will contribute to detection of changes following the future use of conjugate vaccines in Canada, such as genetic changes (i.e., capsular switches), among S. pneumoniae invasive isolates.
The exact reasons for the successful spread of these clones within Canada and their contribution to increased resistance to antibiotics have yet to be explored. 
